Abstract-The cure kinetics of the epoxy resin (EP)/organic montmorillonite, with 4 diamino diphenyl methane (DDM) as curing agent, was studied by non isothermal differential scanning calorimetry (DSC) at four linearly programmed heating rates of 5, 10, 15, and 20 grad/min, and the effects of original montmoril lonite (OMMT) on cure kinetics of epoxy resin were investigated. A two parameter (m, n) autocatalytic model was used to describe the cure kinetics of the epoxy resins. The kinetic parameters were calculated with the Ma lek method and the curves obtained by the Ma lek method showed a good agreement with experimental data for EP/DDM and EP/DDM/OMMT systems. The results, based on the isoconversional method showed that the activation energy was obvious difference with the addition of OMMT in the early stages of the cure, which indicated that the OMMT have catalytic effect on the epoxy ring opening.
INTRODUCTION
Epoxy resins are very common thermosetting poly mers in industry because of their good chemical, mechanical, thermal, and electrical properties [1, 2] . Nowadays, facile epoxy resins with special structures and properties are becoming academically and tech nologically more important, with the rapid develop ment of ultrahigh technology [3] . It is well known that, depending on the type of curing agent and curing con ditions, the structure of the crosslinked molecular net work formed can vary significantly and greatly influ ence the properties and performance of the cured material [4] . Therefore, much attention has been paid to the design and synthesis of facile epoxy resin and study of the related curing systems.
In recent years, the industrial importance of poly mer layered silicate (PLS) nano composites is widely recognized and polymer based nanocomposites rein forced with montmorillonite nanoclay particles have drawn significant attention [5] [6] [7] . This is due to the fact that these types of composites show substantial improvements in mechanical properties such as stiff ness and toughness without compromising their den sity, which is a typical requirement of the aerospace industry. There are a number of studies that show the significant improvements in stiffness and strength of pure polymer for an addition of a small amount of nano size clay particles [8] [9] [10] . The plausible reasons are the high aspect ratio and high modulus of these 1 The article is published in the original.
particles. Once dispersed in the matrix, the particles produce an enormous amount of surface area and therefore, play a key role in the confinement of the polymer chain mobility [11] .
The cross linking reaction between epoxy resins with diamine curing agent is a complex mechanism composed by four chemical reactions (primary amine epoxy, secondary amine epoxy, etherification, and homopolymerization) that occur during cure [12] . The incorporation of modified montmorillonite can catalyze the epoxy amine polymerization reactions [13] and change the kinetics parameters of cure. Wang et al. [14] has reported that the homopolymerization of diglycidyl ether of bisphenol A epoxy prepolymers begins as early as 220°C in the presence of 5% of montmorillonite modified by HOOC-(CH 2 ) 11 -, while this reaction occurs at 300°C for the neat epoxy. The organophilic montmorillonites can cata lyze the polymerization of epoxy prepolymers, leading to the formation of cross linked polyethers. Depend ing on the curing conditions, the homopolymerization could compete with other reactions occurring during the polymerization of an epoxy resin system. The influence of the nature of these ions on the epoxy resin system curing is still not well known, and a better understanding of the mechanism involved in the poly merization could allow a better prediction of the final properties of the nanocomposites.
It is known that the properties of cured epoxy resin polymers depend on the curing conditions such as the time and the temperature of curing. On the other hand, to trace exactly the structure-property relation ships for an epoxy resin system, understanding of the cure process is essential in order to get a better control of the reactions and optimize the physical properties of the final product. Kinetic analysis is applied to understand structure/property/processing relation ships for the preparation of high performance epoxy resin matrix composites. Cure kinetics of epoxy resins can be studied by different techniques, such as differ ential scanning calorimetry (DSC) [15] [16] [17] Fourier transform infrared spectroscopy (FTIR) [18] and near infrared spectroscopy (IR) [19] . In this work, DSC technique was used to investigate the cure kinetics of epoxy resins with OMMT under non isothermal con ditions.
EXPERIMENTAL
Materials The diglycidyl ether of bisphenol A type (E51) epoxy resin was provided by Deyuan Chemistry Plant, China (epoxide equivalent weight of 0.48-0.53). The curing agent was 4, 4-diamino diphenyl methane (DDM), which was provided in analytical grade by Shanghai crystal pure reagent Co. (Aladdin Reagent Co., China). The OMMT which was modified with octadecyltrimethylammonium bromide (OTAB) was provided by America Nanocor Inc.
DSC Measurements
Studies on the curing kinetics of E51/DDM/OMMT system were carried out by DSC in different heating rates. E51 epoxy resin and OMMT were mixed a mass ratio of 100/5 at room temperature. The DDM was added to the mixed E51/OMMT sys tem. The mass ratio of E51 to DDM was set at 100/25 (stoichiometric). The E51/DDM/OMMT system was stirred until a homogeneous mixture was obtained.
Dynamic DSC analysis was done by DSC Q200 (TA, USA) which was calibrated with high purity indium and zinc standards. The samples (4-5 mg) were added to aluminum pans and analyzed dynami cally with heating rates at 5, 10, 15, and 20 grad/min in nitrogen atmosphere. Nitrogen was purged at rate of 40 ml/min to minimize oxidation of the sample. Mea surements were always carried out with an empty cell as reference from 318.15 up to 593.15 K.
RESULTS AND DISCUSSION
Basic Assumptions of Dynamic DSC Analysis DSC is one of the thermal analysis methods. Kinetics can be characterized with DSC by measuring heat generated during the curing reaction as a function of temperature and time. The DSC curves were ana lyzed on the basis of the following assumption: the area under the curves was proportional to the conver sion. The conversion could be defined as Eq. (1). The heat evolution recorded by DSC is assumed to be pro portional to the extent of consumption of the reactive groups. Thus the curing rate during the curing process can be described as Eq. (2):
Where α is the extent of curing reaction, dα/dt is the curing rate, H t is the reaction heat within time t, dH/dt is the heat flow rate, and H u is the total heat of reac tion.
Most curing kinetics can be described by Eq. (3):
Where dα/dt is the rate of conversion, A is the preex ponential factor, E a is the activation energy, R is the gas constant, T is the absolute temperature and the func tion representing the kinetic model. The non isothermal kinetic model can identify two types of reaction: nth order or autocatalytic model. Autocatalytic model (Sesták-Berggren equation) assumes that the reaction obeys the Eq. (4): (4) where m is the order of autocatalytic reaction, n is the order of reaction with curing agent. The kinetic equa tion was widely used in literatures for epoxy systems. In this work, this equation was used to describe the cure kinetic of studied systems.
In non isothermal conditions, heating rate β = dT/dt, combined with Eq. (4), the kinetic model can be described as follows: (5) Curing Characteristics for the E51/DDM Mixture and Its Composite DSC curves of the E51/DDM system and its nano composite at different heating rates are shown in Fig.  1 . It can be seen that the presence of nanoclay has strong effect on the curing process as reflected by the difference in the DSC curves of the epoxy and its nanocomposite. The difference between the two sys tems may be due either to the presence of the intercal ant or to the steric effect of the nanoclay [4] . The val ues from the dynamic curing process are provided in Table 1 . The conversion α(T) can be calculated by Eq. (1). Figure 2 shows α(T) with respect to T for the system of E51/DDM and E51/DDM/OMMT in dif
ferent heating rates. These curves are basic data for the kinetic calculation.
The polymerization of thermosets is a complex mechanism that may include several chemical reac tions. Aromatic primary amines are commonly used as curing agents. These active hydrogen compounds undergo an addition reaction with epoxy ring. The poly addition occurs between epoxy and primary amine, followed by secondary amine addition, and, at latter stages of the reaction or at higher temperature, side reactions such as etherification or homopolymer ization. As shown in Table 1 , the presence of OMMT shifts the T o and T e to higher temperature may attribute to the steric effect of OMMT. While the pres ence of OMMT shifts the T y to lower temperature may attribute to an increase in the efficiency of collisions and can be explained by catalytic effect of OMMT on the epoxy ring opening. In addition, a change of the shape of thermo analytical curves suggests possible modifications of the kinetic parameters and of the cure mechanism in the presence of OMMT.
Activation Energy
Kissinger Method. Activation energy is commonly evaluated by one of two methods: the Kissinger equa tion or the Ozawa (isoconversional) equation [20] . From the Kissinger equation, overall activation energy can be calculated by Eq. (6). For non isothermal cur ing, the relationship between activation energy E a , the heating rate, and the temperature T p at which the exo thermic peak has its maximum can be described as: (6) where R is the gas constant, equal to 8.3144 J/(K mol). From the dynamic DSC curves measured at different heating rates, the relation between ln(β · ) and can be obtained, and then the activation energy can be calculated from the slope. Figure 3 shows the relationship between ln(β · ) and for both the E51/DDM system and its nano From the slopes of these two plots the overall activa tion energy for E51/DDM and nanocomposite were found to be 43.1 and 51.6 kJ/mol, respectively. If the apparent slight increase in E a for the nanocomposite is significant, it indicates that the negative impact of the steric effect of the clay is stronger than the positive effect of the organic intercalant to promote the chem ical reaction.
Ozawa Method. Unlike the Kissinger approach, the Ozawa approach makes it possible to determine the activation energy corresponding to different stages of cure throughout the entire conversion. The equa tion used is: (7) where α is the extent of curing reaction, T is the tem perature corresponding to a selected degree of conver sion at a given heating rate β. From the slope of a plot of logβ vs. T -1 for a chosen degree of conversion, the activation energy corresponding to that degree of con version can be obtained. Figure 4 shows the relationship between logβ vs. T -1
for nine different degrees of conversion ranging from 0.1 to 0.95. The linear relationship observed in all cases indicates that the approach is applicable for this case. The activation energies E a calculated for the two systems are given in Fig. 5 . It is clear that there is a sig nificant difference in behavior between the E51/DDM system and the nanocomposite. For the E51/DDM/OMMT system, the apparent E a keeps more or less steadily as a function of the degree of cure, from 60.3 kJ/mol at 0.1 to 53.1 kJ/mol at 0.9. For the E51/DDM system, at a low degree of cure (<0.3) the apparent E a is much higher than the E51/DDM/OMMT system, but as the degree of cure increases, E a decreases, reaching 54.8 kJ/mol at 0.3 and then dropping to 42.9 kJ/mol at 0.9. In the early stages of the cure, where the temperature is lower, the dominant reaction is expected to be that between epoxy and amine groups. In the later stages of cure, at higher temperatures, other reactions (mainly epoxy etherification, but possibly others like hydroxyl hydroxyl) are expected to become more important [4] . The low activation energy observed for the nanocom posite at lower degrees of cure is unusual, and indi cates that the organoclay has a large effect. The pres ence of nanoclay facilitates the curing reaction, espe cially the initial epoxy amine reaction.
The first stage of the dependency of E51/DDM is characteristic of epoxy amine reactions. At the end of the reaction, the decrease of E a is due to the transition from chemical control of the cross linking to a diffu sion control that becomes detectable in this system already at gelation. In the case of E51/DDM/OMMT system, the characteristic decrease of E a observed is lower, leading to the hypothesis that diffusion contri bution is less pronounced in this case. Side reactions (etherifications/homopolymerizations) are known to occur at elevated temperatures, so it can also be postu lated that these reactions become significant in the case of E51/DDM/OMMT. The activation energies obtained by the Kissinger approach (43.1 kJ/mol for E51/DDM, 51.6 kJ/mol for the nanocomposite) are lower than those obtained by the Ozawa approach (51.1 kJ.mol -1 for E51/DDM, 55.4kJ/mol for the nanocomposite). This can be explained by the differences in assumptions and math ematical approach. But for the two methods, a similar result that the apparent slight increase in E a was observed for the nanocomposite. Thus, both the two approach can be used to detect the activation energy.
Málek Method. In Málek method [21] , once acti vation energy is determined, two characteristic func tions, y(α) and z(α) were defined in order to find the kinetic model and the kinetic parameters. In non iso 1 thermal conditions, the two functions can be described as follows: (8) (9) where x is the reduced activation energy (E a /RT) and π(x) is the function of temperature integrals whose val (12) According the shape and the maximum of both y s (α) and z s (α) functions, the most suitable kinetic model can be determined among several models and subsequently the kinetic parameters such as n and m can be calculated. Figure 6 shows the variation of y s (α) and z s (α) values with conversion α.
The curves of y s (α) and z s (α) exhibit maxima at α M and , respectively. The values of α M and are shown in Table 2 . The results indicate the curing pro cess can be described by the two parameter autocata The cure kinetics of epoxy resin and DDM with and without OMMT was investigated by non iso thermal DSC. Activation energy was calculated based on Kissinger approach and Ozawa approach. The low activation energy observed for the nano composite at lower degrees of cure indicates that the organoclay has a large effect on the curing reaction. The presence of nanoclay facilitates the curing reac tion, especially the initial epoxy amine reaction. Autocatalytic model was used to describe the cure kinetic phenomena of studied systems. When the OMMT was added, Sesták-Berggren model still can describe the cure kinetic of E51/DDM/OMMT system because the results, calculated by the model, agree with the experimental data well. 
